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The speciation and quantification of organic sulfur forms in
fossil fuel is an area of research. This thesis describes an NMR
method which offers potential for identifying and possibly
quantifying both nonvolatile and volatile sulfur forms in fossil
fuels. The method is based on the methylation of sulfur compounds
to form methyl sulfonium salts:
RSR + CH3I ---> (R2s+-cH3)r
We propose to apply this chemistry to the analysis of sulfur
functions in fossil fuels. The sulfur functions are methylated using
13C-enriched methyl iodide. The products are then analyzed by 13C
NMR spectroscopy to establish the chemical shifts of the added
methyl carbons. The chemical shifts are then correlated against




The speciation and quantification of organic sulfur forms in
fossil fuel is an area of research. which has received considerable
attention in recent years. Two reviews have recently appeared that
discuss our recent knowledge of sulfur compounds in fossil
fuels.(1,2) Orr and Damste' have pointed out that we know a great
deal about the types and functional groups in perhaps 20-40% of the
total sulfur in petroleum. Generally 60-80% of the sulfur is in
fractions boiling above 300°C, which makes the analysis of this
fraction difficult with techniques such as gas chromatography/mass
spectrometry. Stock has also presented a particularly insightful
review of the major techniques employed.(1) A major conclusion of
this review is that most of the techniques, but not all, either
chemically change or fail to fully detect sulfur structures due to
their nonvolatility, and therefore new techniques are needed.
This thesis describes an NMR method which offers potential for
identifying and possibly quantifying both nonvolatile and volatile
sulfur forms in fossil fuels. The method is based on the methylation
of sulfur compounds to form methyl sulfonium salts:
1
2
RSR + CH3I ---> (R2S+-CH3)r
We propose to apply this chemistry to the analysis of sulfur
functions in fossil fuels. The sulfur functions are methylated using
13C-enriched methyl iodide. The products are then analyzed by 13C
NMR spectroscopy to establish the chemical shifts of the added
methyl carbons. The chemical shifts are then correlated against
those of known sulfonium salts. Since not much 13C NMR data is
available on sulfonium salts, a considerable effort was made to
synthesise model sulfonium salts to obtain the necessary 13C NMR
chemical shift information.
Before describing the application of this technique to a high-
sulfur crude petroleum, it is appropriate to first review (1) what is
known about organic sulfur compounds in fossil fuels, focusing
primarily on petroleum and (2) sulfonium ion chemistry.
CHAPTER ll
LITERATURE REVIEW
A. Organic Sulfur in Petroleum
The sulfur content in coal and crude oil varies in the range 0.2-
14% (wt).(3,4) This sulfur affects the odor and storage stability of
petroleum products, the durability of catalysts in catalytic cracking
processes, and the corrosion of processing plant equipment. Sulfur-
containing gases produced at fossil fuel combustion facilities are
major contributors to air pollution. It is also known that many of
the sulfur heterocycles (PASH) are toxic and/or mutagenic in various
biological test systems.(5-9)
Sulfur is present in various forms in all fossil fuels.(1,2) Most of
the sulfur present in crude oils is organically bound because
dissolved hydrogen sulfide and elemental sulfur usually represents
only a minor part of the total sulfur. The organic sulfur compounds
(OSC) found in petroleum have been categorized according to
functionality: thiol (-SH), disulfide (-S-S-), sulfide (-S-), and
thiophene. Condensed thiophenes are generally the most abundant of
aromatic sulfur compounds in petroleum. In addition, crude oils are
thought to contain other types of aromatic sulfur compounds such as
thiols, sulfides, and disulfides. Condensed thiophenes are usually
3
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present in much higher concentrations than the aliphatic sulfides in
thermally-treated heavy petroleum oils. The compositions of the
thiophenic fraction are very complex; they contain widely varying
concentrations of numerous isomers. The large numbers of isomers
result from the possibilities of aromatic ring annelation, alkyl
substitution and position of the thiophen ring in the compound
structure. Detailed characterization of these sulfur compounds is
important for better understanding of the properties, processing and
usage of petroleum and petroleum products.
Until recently, precise organic molecular structures have been
distinguished only for relatively low molecular weight sulfur
compounds, generally with fewer than 15 carbon atoms and from
fractions boiling below 250-300°C. Rail gave a detailed account of
the U.S. Bureau of Mines work during the time 1948-1966(b0). This
study was a massive project and was termed the American
Petroleum Institute (API) Project 48. Over 200 low-molecular
compounds were isolated and identified during the project. Figures
1 and 2 illustrate major structural types of organic sulfur
compounds (OSC) identified in this project. Structures of higher-
molecular weight OSC compounds in more complex aromatic ring
systems and in higher boiling fractions of petroleum are largely
unknown.
5
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Figure 1, Examples of non-thiophenic sulfur compounds in petroleum and
related materials.
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Examples of thiophenic sulfur compounds in petroleum and related
materials.
7
Ho et al.(11) applied "sulfur-compound-type" analytical methods to
79 crude oils having a range of sulfur contents from 0.05 to 7.82%
with results that were very informative from a geochemical
viewpoint. Sulfur type distributions were determined for the
following compound types: (1) nonthiophenic sulfur, (2) thiophenes,
(3) benzothiophenes, (4) dibenzothiophenes, (5)
benzonaphthothiophenes, and (6) sulfur not recovered.
They classified the oils into three groups based on the
distribution of types of sulfur compounds. These groups were
immature (I), altered (II) and mature (Ill). The least mature group (I)
had the highest sulfur content and contained the largest amount of
nonthiophenic sulfur. The most mature group (Ill) was from deeper
high-temperature reservoirs, contained less total sulfur but
relatively more of the thermally stable OSC such as
dibenzothiophenes.
More recent summaries of sulfur compounds by Aksenov and
Kanyano 12 in 1981 and Gal'pern 13 in 1985 discuss OSC in petroleum,
processed petroleum fractions, shale oil, coal derived liquids, and
related products.
Gas chromatography/mass spectrometry (GC/MS) is currently the
major technique for the analysis of sulfur compounds in petroleum.
Within the past few years, at least one-thousand new and novel OSC
that previously were not known to be present in petroleum have been
8
Figure 3. Examples of sulfur compounds with structures related to
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identified.(2) The newly-identified types of OSC are shown in Figure
3.
Normally GC/MS involves high temperature and is available only
to relatively small molecular weight compounds (< MW 500) which
are thermally stable. Some sulfur compounds are not thermally
stable. For example, thiols are generally not stable at high
temperature and tend to form disulfides by a coupling reaction.(11)
In addtion, as much as 60-80% of the sulfur in petroleum is in
fractions boiling above 300°C. Obviously, many of the OSC
compounds in petroleum are not detected by GC/MS techniques since
they are essentially nonvolatile.
Attempts have been made to isolate aromatic sulfur compounds
prior to their analysis. An isolation method for sulfur-polycyclic
aromatic compounds (S-PAC), such as thiols, sulfides, and
disulfides, based on ligand exchange chromatography (LEC) using
silica gel impregnated with PdC12 was established and applied to the
analyses of a crude oil, a coal extract, and a hydrogenated coal liquid
by M. Nishioka.(14) LEC has been used for isolation of sulfur
heterocycles (PASH) from the aromatic fraction of complex
mixtures. In this procedure, silica gel is impregnated with PdC12
and then a solution of the complex mixture is deposited on the
column. A number of anions and neutral molecules that possess
pairs of free electrons are capable of functioning as ligands because
of their electron-donation properties. Sulfides and thiophenes
10
readily form ligands and therefore are held up on the column. They
are then eluted with a polar solvent. Elution solvents included
chloroform/n-hexane(1:1), yielding fractions P-1 (30m1) and P-2
(50m1) and with chloroform/ethyl ether (9:1), yielding fraction P-3
(100m1). The polycyclic aromatic hydrocarbon (PAH) were eluted in
fraction P-1, the PASH were eluted in fraction P-2 and the sulfur-
polycyclic aromatic compounds (S-PAC) were eluted in fraction P-3.
Model compound studies showed that more than 90% of the phenyl
sulfide, benzyl sulfide and phenyl disulfide were recovered in
fraction P-3. Hexyl sulfide, 2-phenyl-1,3-dithiane, and thianthrene
showed strong interaction with PdC12. They partially eluted in the
P-3 fraction and partially remained on the column. Bithiophene did
not show significant interaction with PdC12. These results suggest
that the ligand exchange of sulfur compounds with PdC12 depends
upon their nucleophilicity. Alkyl sulfides and cyclic sulfides with
aromatic rings are the most nucleophilic, followed by phenyl
sulfides and phenyl disulfides.
This LEC method was applied to a Wilmington crude oil.
Compounds were identified by GC/MS. Alkylated benzothiophenes
and dibenzothiophenes were the major thiophenic compounds in this
sample, and even two C7-benzo-thiophenes were detected. The mass
spectra of the alkylated compounds in this sample showed extended
chain alkylation instead of multimethyl substitution because of the
11
presence of peaks corresponding to (M-15)+, (M-29)+, and (M-43)+.
Thiols are generally not stable in air or at high temperatures and
tend to form disulfides by a coupling reaction. Alkyl phenyl
disulfides identified in this sample were presumably derived from
benzenethiol and alkanethiol. C2- and C3-benzothiophenes were
major components in the P-2 fraction. Some alkylated PASH eluted
in the P-3 fraction, because n-electron-rich sulfur compounds
exhibit strong interactions with PdC12. C3- and C4- phenylthiophenes
were also identified in the P-3 fraction. If a phenyl group is
attached to a thiophene, the 7c-electron density of the sulfur is high,
and this type of compound may elute in the P-3 fraction. The
fractions were examined by capillary column gas chromatography
(GC) with flame ionization and flame photometric detection, and by
gas chromatography-mass spectrometry (GC/MS).(1 4)
X-ray photoelectron spectroscopy (XPS) and X-ray absorption near
edge spectroscopy (XANES) among all the modern physical methods
appear to hold promise for the evaluation of functional group
distribution. XPS is a surface technique and XANES is a bulk
technique which have been applied recently for the direct speciation
and approximate quantification of organically bound forms of sulfide
and thiophenic sulfur in nonvolatile liquid and solid carbonaceous
materials.(15-19) Both techniques were also used to characterize the
forms of organically bound sulfur in coals of different rank and
nonvolatile petroleum samples. Gorbaty believes that the XANES
12
results are compatible with the occurrence of an important quantity
of sulfidic sulfur in Illinois No.6 coal. The petroleum residues were
found to contain significant amounts of both sulfidic and thiophenic
sulfur.
An interesting approach to analysis of acidic thiols in petroleum
has been recently developed by Rose and Francisco.(20) In this
method, the thiols and other acidic functions are reacted with
strong base followed by methyl iodide. The methylated product,
using 13C-enriched methyl iodide, is then examined by NMR. The
derivatied heteroatoms are then characterized by change in the NMR
spectra of the methylated products. This technique is limited to
thiols. Sulfides and thiophenes do not react. Thiols often make up
only a small fraction of the sulfur compounds in fossil fuels.
There is clearly a need for new analytical techniques for
analysing sulfur forms. An ideal technique would be one that both
speciates the various forms and quantifies their amounts. It would
also be capable of detecting both volatile and nonvolatile forms.
B. Sulfonium Ion Synthesis
This thesis describes a NMR method which offers potential for
identifying and possibly quantifying nonvolatile sulfur forms in
fossil fuels. The method is based on the methylation of sulfur
compounds to form sulfonium salts. Sulfur is an excellent
13
nucleophile. As such, sulfides and thiophenes react with alkyl iodide
to yield sulfonium ions as shown below.(21,22)
RSR + R'I ----> R2R'S+1-
The reaction is favored by polar solvents such as acetonitrile and
dichloroethane. Since iodide is also a good nucleophile, the reaction
is reversible. However, if the reaction is carried out in the presence
of silver tetrafluoroborate (AgBF4), silver iodide is precipitated,
leaving the poor nucleophile tetrafluoroborate as solute anion.
Aliphatic sulfides react readily with alkyl halides to give stable
sulfonium salts. Aromatic and heterocyclic sulfides are less
nucleophilic. A partial order of reactivity is Me2S > Ph2S >
phenoxathiin > dibenzothiophen > benzothiophen > thiophen. The less
reactive compounds may be alkylated by the use of trialkyloxonium
tetrafluoroborates or by alkyl halides in the presence of silver
salts. (2324)
S-alkyl-thiophenium,-benzo[b]thiophenium and -dibenzo[b,d]
thiophenium salts have been obtained by treatment of the
corresponding thiophens with alkyl halides in the presence of silver
tetrafluoroborate, or similar reagents.(24) Their UV spectra
resemble those of the corresponding sulphoxides and sulphones,
rather than those of the parent thiophen. The NMR spectrum of 3-
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bromo-1-ethyl-benzo[b] thiophenium tetrafluoroborate and those of
similar compounds show that the ethyl groups appear as ABX3
system, which have been computer-simulated. It is concluded that
the S-alkyl groups are not coplaner with the sulfur-containing rings.
Electrophilic attack on thiophen takes place preferentially at the
2-position, and as for benzene in the case of nitration, the loss of
the displaced proton is not rate-determining. It was therefore
particularly interesting when the S-methylation of thiophen by
trimethyloxonium tetrafluoroborate, and by methyl iodide and silver
perchlorate was reported. S-alkylation of thiophen failed with
triethyl- and trimethy-oxonium tetrafluoroborate, and with methyl
iodide and silver perchlorate in excess of thiophen as solvent gave
poor yields. The reaction conditions for the last reagent were
critical; on one occasion when the proportion of thiophen was
reduced a violent explosion took place. The silver perchlorate was
therefore replaced by silver tetrafluoroborate (AgBF4).(25) 1,2-
Dichloroethane was an effective solvent, in spite of being a
potential alkylating agent. With this combination low yields of a
number of 1 -ethyl- and 1-methyl-thiophenium salts were obtained.
Although S-methylation of both 2-ethyl-and 2-methyl-thiophen was
shown to occur by the development of the characteristic UV
absorption, 2-ethyl-methylthiophenium salts could not be isolated
and 1,2-dimethylthiophenium tetrafluoroborate could not be
obtained pure. The 1-alkylthiophenium salts decomposed slowly at
15
room temperature in a vacuum desiccator and more rapidly in
aqueous solution.
Treatment of benzo[b]thiophen with silver perchlorate or
tetrafluoroborate and alkyl iodide gave good yields (-70%) of S-alkyl
benzo[b]thiophenium salts which were much more stable than the
thiophenium salts. Trimethyl-oxomium tetrafluoroborate also gave
the same product, but triethyl-oxonium tetrafluoroborate caused no
alkylation. Dibenzo[b,d]thiophen was similarly alkylated to give 5-
methyldibenzo[bd]thiophenium tetrafluoroborate.
and in this case triethyl-oxonium tetrafluoroborate also caused
alkylation. The silver tetrafluoroborate-alkyl halide mixture was
used for preparation of the S-alkyl-benzo[b]thiophenium and the S-
alkyl-dibenzo[b,d]thiophenium salts.
S-methyithiophenium salts showed the S-methyl resonances at
3.19-3.21 ppm, and the -benzo[b]thiophenium and -dibenzo[b,d]thio-
phenium salts at 3.27-3.40 ppm.
In the 1-ethylbenzo[b]thiophenium salts magnetic nonequivalence
of the methylene proton of the ethyl group was observed whenever
there was a 2-substituent. When there is a single methyl
16
3-substituent, then the methylene protons showed apparent
equivalence at 100 MHZ, which suggests hindered rotation of the
S-CH2 bond caused by the 2-substituent. The effect of the
nonequivalence was to give rise to a ten- or twelve-line multiplet
from the methylene protons. The methyl group always gave rise to a
triplet. The chemical shifts of the nonequivalent protons, HA and HB,
HA- C - C/43
I
were determined by simulation of the spectra.




however, is not due to steric hindrance to rotation. If there is
free rotation of the ethyl group in the benzo[b]thiophenium salts,
then it is not possible for the methylene protons to be in different
magnetic environments if the sulfur atom utilizes planer bonding.
However if pyramidal bonding is used, the sulfur atom becomes an
17
asymmeric centre. The methylene protons are then diastereotopic
and can never be in identical magnetic environments. Provided that
these environments are sufficiently different, nonequivalence will
be observed This is apparently the case for 3-bromo-2-ethyl-
benzo[b]thiophenium salt. It was concluded that the sulfur atoms in
the 1-ethyl-benzo[b]thiophenium salts are sp3 hybridised, giving
tetrahedral stereochemistry, and the same type of bonding must be
used in the other thiophenium salts because of the similarity of
their various spectra. If sp3 hybridisation is used then one orbital
contains a lone pair. Interaction of this with the electrons of the
ring, postulated to account in part for the aromaticity of thiophen by
contributing to the aromatic sextet, cannot occur to a major extent




A. Synthesis of model sulfonium compounds
Dichloroethane (DCE) was used as solvent in model compound
reactions. DCE was dried initially in CaCl2 for 6 hours and then it
was refluxed with P205 for 2 hours and then fractionally distillated.
The fraction that distilled at 830C-840C was collected and stored
over molecular sieves. Weighing of AgBF4 was done in a grove box
which was flushed with argon because A9BF4 is very light- and
moisture-sensitive.
Dichoroethane (3 ml) (DCE) was added to the model sulfur
compound (1 mmol) and silver tetrafluoroborate (AgBF4) (1.5 mmol),
(293 mg) at room temperature and stirring was continued for 1/2
hour, and then 2.0 mmol methyl iodide (0.12 ml) was added to the
mixture by syringe. A yellow precipitate formed immediately. The
reaction was continued for 12 hours with exclusion of moisture. The
mixture was filtered to remove Agl precipitate and the filtrate was
rotavaporized at about 50°C to remove the solvent. The product was
recrystallized from ether/acetonitrile. To do this, the solids were




the solution until a cloudiness was produced. The mixture was then
cooled in solid carbon dioxide-acetone (-78°C), and scratched until
solid formed. The crystals were filtered and dried in the vacuum
oven at room temperature. The crystals were then dissolved in d3-
acetonitrile for subsequent NMR analysis. A 5-10% solution of
compound, 8 scans for 1 H NMR, 3.0 sec pulse delay and 32 scans for
13C NMR were used as typical conditions for NMR analysis. In some
cases. an oil formed which could not be solidified. In this case, the
crude oil was dissolved in d3-acetonitrile and analyzed by NMR.
B. Methylation of Petroleum
The crude oil was obtained from Ashland Oil in —500 mL
containers.
Elemental analysis for crude oils are given in Table I. According
to Table I, ABL contains —1 mmol sulfur per gram crude oil and AXL
contains —0.5 mmol sulfur per gram crude oil.
Dichloroethane (3 ml) was added to 1 g petroleum and silver
tetrafluoroborate (AgBF4) (1.5 mmol) at room temperature, and
stirring was continued for 1/2 hour, and then 2.0 mmol methyl
iodide (0.12 ml) was added to the mixture by syringe. The solution
was stirred overnight with exclusion of moisture, and then the Agl
precipitate was filtered off. The solvents were removed by
rotavoporization at about 50°C and the residue was then placed in a













































































































































mg) was then dissolved in about 1ml of d3-acetonitrile and then
placed in a NMR tube for analysis. Most, but not all, of the residue
dissolved in d3-acetonitrile. The insoluble droplets were separated
from the soluble portion by pipette.
NMR spectra were measured with a JEOL CPF 270 FT-NMR (Fourier
Transform - Nuclear Magnetic Resonance). A pulse width of 2.8 us
and a pulse delay of 3.0 sec. were used for the 13C spectra. The
number of transients ranged from 1500-5000 for the petroleum
samples, depending on the concentration.
C. Methylation of Acidic Functions
The ABL sample has also methylated according to the method of
Rose and Francisco.(20) Approximately 1 g of petroleum was
dissolved in 3 ml THF and stirred to dissolve. Approximately 0.24
ml of 40 wt% tetrabutyl ammonium hydroxide was added and stirring
was continued for 30 minutes under argon. Then 13C-enriched
methyl iodide was added and reaction was continued overnight. The
solvent was removed by rotovaporization and then the residue
washed with 50% H20/Me0H until the filtrate was free of
ammonium cation (no percipitate with sodium tetrafluoroborate) and
iodide (no precipitates with silver nitrate). The sample was dried




A. Model Sulfonium Salts
Table ll shows yield data and melting points for tetrafluoroborate
salts. All salts were derived from the corresponding sulfide or
thiophene. The yields were generally good but not excellent. The
melting points were generally over a narrow range, usually, 1-20C.
In some cases, a solid could not be crystallized (compound No. 1, 6,
9). For compounds 10 and 11, our melting points agreed well with
literature values.(26)
Both 13C and 1H NMR spectra were obtained on all compounds. The
solvent in all cases was d3-acetonitrile, which readily dissolved all
salts. The original spectra and assignments of peaks are included in
the Appendix. The spectra were consistent with the expected
structures. Table II also contains the chemical shifts of the added
methyl carbon and hydrogens for each salt. The chemical shifts of
the methyl hydrogens range from 2.65 to 3.68 ppm for suifidic
derivatives. The chemical shifts increase with the number of aryl
group attached to the sulfur atom. The chemical shifts increase
about 0.5-0.6 ppm for each aromatic ring directly attached to the












































































































































































































































































































change much within the series, although the number of condensed
aromatic rings varies within this series. From the information we
derived above, the conclusion is that the 1 H NMR chemical shift is
useful for distinguishing various types of sulfides as long as no
thiophenes are present. However, if thiophenes are present, they
may be mistaken for arylalkylsulfides, whose salts yield chemical
shifts at —3.3 ppm.
The 13C chemical shifts of the added methyl carbons range from
21-35 ppm. For salts derived from dialkyl sulfides, the chemical
shift of the methyl carbon is about 22 ppm. There is an important
exception to this; compound 5. In compound 5, the five-membered
ring causes a greater distortion from the normal tetrahedral bond
angle than the six-membered ring (compound 6). Consequently, the
ring C-S bonds of compound 5 possesses more p character than
normal sp3 bonds, since additional p character corresponds to a
reduced bond angle. The orbital used for bonding to the methyl group
must therefore have increased s character. Increased s character
means more electronegativity of the sulfur, and therefore a
downfield shift of the CH3 occurs for compound 5 compared to
compound 6. This ring explanation has been invoked to explain the
NMR spectra of cyclopropane.(28)
For salts derived from arylalkylsulfides, the chemical shift is
approximately 25-26 ppm (see compounds 5 and 6). An exception is
27
compound 8. Comparing compound 6 with 8, we see they are very
similar, yet yield substantially different chemical shifts for the
methyl carbons attached to the sulfur. A possible explanation is
that the electron-donating inductive effect of the ethyl group
(compound 6) is greater than that of a methyl (compound 8), and that
therefore the positive charge on the sulfur is reduced in compound 6.
The methyl carbon shift is therefore more upfield in compound 6.
Finally, we see that the salt derived from diphenyl sulfide
(compound 7) yields a chemical shift of 28.4 ppm for the methyl
carbon. Comparing compounds 2, 4, and 7, we can estimate the
effect of an attached phenyl group as causing a downfield shift of
3.0-3.6 ppm on the signal of the methyl carbon. Two possibilities
can be suggested to account for this. First, sp2 carbons directly
attached to the sulfur increase the positive charge on the sulfur
compared to sp3 carbon and cause a deshielding effect. Second, the
lone pair of electrons on the sulfur atom could be delocalized into
the ring to some extent, thereby increasing the positive charge on
the sulfur, again causing a deshielding effect. This delocalization,




The extent of lone pair delocalization on sulfonium ions is not well
28
understood. Since the sulfur atom in sulfonium salts is thought to
be sp3 hybridized, the lone pair of electrons must reside in an sp3
orbital. Therefore the extent of delocalization is probably not
significant.
For salts derived from thiophenes, the chemical shift of the
methyl carbon ranges from 28.3-34.9 ppm and increases with
increased aryl substitution about the central thiophenium ring.
Interestingly, the chemical shift keep moving upfield when one more
aromatic ring is introduced as in compound 12.
An interesting feature of the 1H NMR spectra for compounds 1-6
is that the hydrogens of the methylene next to sulfur atom are
shown to be magnetically nonequivalent in each case. This
nonequivalence does not necessarily arise from hindered bond
rotation. This result can be explained by chemical and magnetic
nonequivalence of the methylene group (-CH2-).(29) Two atoms of the
same isotopic species in a molecule are chemically nonequivalent if
there is no molecular symmetry axis of rotation relating the two
atoms. Consider a molecule (Cxxyz),
X am— C -nor X
Looking from the "left-hand" x group towards the rest of the
29
molecule, the clockwise sequence is y-x-z. From the right-hand x
group the clockwise sequence is y-z-x. The x groups are
enantiotopic because they are situated in enantiomeric
environments. Consequently the appoach of an asymmetric reagent
will be affected by the direction of approach and the x groups may
react at different rates. Hence the x groups are chemically
nonequivalent.
Two atoms (or groups of atoms) are magnetically equivalent if
they are isochronous and if the constants (J) for the coupling to any
other atom are identical. For an understanding of magnetic
nonequivalence, consider a compound of the general formula
H xYZC.CHAH BR. This situation is analogous to compounds 1-6.
Generally speaking, the energy barriers to rotation will be
sufficiently small that at ordinary temperatures free rotation
occurs (except for compounds 3 and 5). The eclipsed forms,
corresponding to potential maxima, have very short residence times,
and may be ignored. There are then three distinguishable rotational
forms as follows.
1 2 3
From above, we can see none of the conformers (1)-(3) HB has
i
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exactly that same environment. Even if HA and HB spent equal times
in each of the three possible conformations, the average
environments can never be exactly identical and a chemical shift can
therefore be expected, either Y or Z may be the same as RCH2. in
which case the two RCH2 groups are chemically, and the two protons
within each group, magnetically nonequivalent. Two atoms (or
groups) such as HA and HB, which reside in diastereomeric
environments and cannot be interchanged by any symmetry operation,
are said to be diastereotopic.
From the definitions above, we can classify the butyl and benzyl
groups attached to the sulfur in compounds 1 and 2, respectively, as
chemically nonequivalent. Also the hydrogens within each methylene
group attached to the sulfur in compounds 1-6 are magnetically
nonequivalent.
B. S-Methylation of Petroleum
To demonstrate the usefulness of this NMR method for speciation
of sulfur compounds in fossil fuels, we have methylated a high
sulfur Arabian Light Crude petroleum. The region of -0.5 to 4.5 ppm
of the 1 H NMR spectrum of the crude dissolved in CDCI3 is shown in
Figure 4. There are two major peaks centered at 0.85 and 1.25 ppm,
which are consistent with CH3 and CH2 groups, respectively.
Evidence of aromatic hydrogens was also observed at 7.5 ppm (not





























ordinary methyl iodide as methylating reagent and 13C-enriched
methyl iodide are shown in Figure 5 and 6, respectively. The solvent
for these samples was d3-acetonitrile, since the S-methylated
samples were much more soluble in this solvent compared to CDCI3.
The same two major peaks are observed in these spectra except the
peaks are much broader and rounded. The two peaks at 1.95 and 2.15
ppm are due to acetonitrile (solvent) and acetone (impurity).
The data in Table II indicate +S-CH3 chemical shifts should be
observed in the range 2.6-3.7 ppm. All signals in this region of the
spectra were relatively weak. However, expansion of this region,
shown in Figure 7, reveals that S-methylation occurred.
Specifically, several peaks appear in the spectrum of the S-
methylated product (B) which are absent in the spectrum of the
original crude (A). The most obvious difference is the appearence of
the broad peak at 3.2 ppm, which is consistent with the formation of
sulfonium salt from either thiophene-like structures or arylalkyl
sulfides (see Table II). Although we can not distiguish the
structures in detail, this is a evidence that methylation of sulfur
functions has taken place.
Another interesting spectrum is C in Figure 7, which is the
spectrum of the product using 99%13C-enriched methyl iodide. This
spectrum is different than A and B. We expect the signal of the
methyl hydrogens to be split into a doublet due to the coupling of the
33
































































































hydrogens with the 13C nucleus. We, in fact, observed this splitting,
which is indicated on the spectrum. The splitting is about 0.58 ppm
which is equal to 156 Hz for the 270 MHz magnet. This magnitude of
coupling constant is consistent with that of 13C-1 H coupling which
ranges from 11 0-3 20 Hz 30. The information derived strongly
suggest that the crude sample contains either svifides or thiophenes
that have been methylated, although we can not distinguish them in
more detail. The 13C technique provides more detailed information
about the structures.
Before discussing the 13C NMR results, we must recongnize that
methyl iodide is capable of reacting with other heteroatoms in the
petroleum, such as nitrogen and oxygen functionalities. The signals
of these functions, if formed, will be observed by the NMR. Typical
13C chemical shifts for 13CH3 groups incorporated into petroleum are
shown in Figure 8. Note that only N-CH3 signals overlap with +S-CH3
signals. Moreover in Arabian crudes the N content is very low
(<0.15%), reducing the likelihood of interfering signals even more.
The aliphatic region of the 13C NMR spectrum of the crude
dissolved in CDCI3 is shown in Figure 9. There are five major peaks
in this spectrum at approximately 14, 23, 30, and 32 ppm (relative
to TMS). The spectrum of the product from S-methylation using
ordinary methyl iodide as methylating reagent is shown on Figure 10.
Figure 11 is a duplicate run. The solvent in this case was d3-
acetonitrile. These spectra are very similar to that of the original
37







































































































































Figure 1 O. Aliphatic region of 1 3C NMR spectrum of the S-































Figure 11. Aliphatic region of 13C NMR spectrum of duplicate run of










































crude with the same set of major peaks. However, the peaks are
broader in the S-methylated crudes. There is no apparent evidence
of added methyl groups in the spectra of the methylated crude
because only —1.1% of carbons isotope are in ordinary methyl group
carbon. Also, assuming one CH3 added per sulfur atom, there are only
1.2 CH3 groups added per 100 carbon atoms in the original petroleum.
These results illustrate the need for using 13C-enriched methyl
iodide.
The spectrum of the product using 99% 13C-enriched methyl
iodide is shown in Figure 12. This spectrum is strikingly different
than the other two spectra. The difference is most logically
attributed to added methyl groups whose signals are enhanced due to
the isotopic enrichment of the methyl iodide. Although complex,
this spectrum was highly reproducible in a duplicate run (Figure 13).
Figure 12 is expanded in Figure 14 to illustrate in more detail
region between 10-40 ppm. Most of the peaks are in the 10-40 ppm
range, but there are a few peaks near 50 and 60 ppm. The downfield
peaks are not consistent with methyl sulfonium salts. The peaks
near 50 ppm are consistent with either methyl ammonium (N+-CH3)
derivatives or 0-CH3 derivatives. The peaks near 60 ppm are
consistent with 0-CH3 derivatives (see Figure 8). The peaks in the
10-20 ppm range are consistent with S-CH3 derivatives.
Finally, the peaks in the region 20-36 ppm are consistent with
the formation of methyl sulfonium salts, according to our model
42
Figure 12. Aliphatic region of 13C NMR spectrum of the S-
methylated ABL crude using 99% 13C-enriched methyl iodide

43
Figure 13. Aliphatic region of 13C NMR spectrum of duplicate run of








































































































































Figure 14. Expanded region from 10 to 40 ppm oi Figure 12

45
compound data (see Table II). This is the region of interest.
Obviously, the spectrum in Figure 14 contains a considerable amount
of information most of which is presently not interpretable.
However, some preliminary assignments can be made. The region
from 32.0 to 36.0 ppm is expanded and shown in Figure 15. There are
six major peaks in this region with only one peak at 32.7 attributed
to the original petroleum. In order to make possible assignments for
these peaks, we have spiked the sample with known samples of S-
methyldibenzothiophenium and S-methylbenzo[b]-
naphtho[1,2d]thiophenium tetrafluoroborate salts (compounds 11 and
12, Table II, respectively). The spectrum of the spiked sample is
shown above the unspiked sample. The peaks at 34.9 and 34.2 ppm
increase in intensity, indicating that these peaks correspond to
compounds 11 and 12, respectively. Thus a tentative assignment can
be made to these two peaks in the spectrum.
We also methylated the crude oil, AXL. The aliphatic region of the
13C NMR spectrum of AXL dissolved in CDCI3 is shown in Figure 16.
Five major peaks in this spectrum also are at approximately 14, 23,
30, 32 ppm (relative to TMS).
The spectrum of the product from S-methylation using ordinary
methyl iodide as methylating reagent is shown in Figure 17. The
solvent in this case is also d3-acetonitrile. There is not much
difference after methylation by using ordinary methyl iodide; the
 P
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Figure 1 7. Aliphatic region of 1 3C NMR spectrum of the S-























five major peaks are still the major peaks in this spectrum. The
spectrum of the product using 99% 13C-enriched methyl iodide is
shown in Figure 18. This spectrum is also strikingly different than
the other two spectra, and logically attributed to added methyl
groups whose signals are enhanced due to the isotopic enrichment of
the methyl iodide. Most of the peaks are in the 10-36 ppm range.
Two major peaks are found at about 52 ppm and 61ppm which are
consistent with methyl ammonium (N+-CH3) derivatives and O-CH3
derivatives, respectively.
The peaks in the 10-20 ppm range are consistent with S-CH3
derivatives (thioethers). The peaks in the region 20-36 ppm are
consistent with the formation of methyl sulfonium salts. The peaks
at 34.9 and 34.2 ppm can be found in this spectrum which correspond
to compounds 11 and 12, respectively.
In addition, the large peak at 29.3 ppm on both 13C-methylated
ABL and AXL matches exactly the +S-CH3 chemical shift of
dimethylphenylsulfonium tetrafluoroborate (compound 8). This peak
could arise from at least three different precursors as shown below.
+
( 1) t)-S-CH3 _CJ131_) .1,--CH3 BF4" + Agl
AgBF, CH3
SO
Figure 18. Aliphatic region of 13C NMR spectrum of the S-





















































































(2) S H 2_CH3L) § CH3 BF,- + 2 AgI + HBF42 AgBF, C H3
13) S S _2 CH34 CH, BF,- + 2 Agl + BF,S
2AgBF, CH,
We have, in fact, isolated compound 8 in pure crystalline form from
each of the above reactions. Note that reactions (2) and (3) result in
addition of 2 moles of methyl groups per mole of sulfur compound.
The yields for reactions (1), (2) and (3) are 88%, 79% and 81%,
respectively.
Finally, we note that the S-CH3 shift of dibenzylmethylsulfonium
tetrafluoroborate (compound 2) at 21.7 ppm also matches one of the
peaks observed in Figure 14, suggesting the presence of
dibenzylsulfide-type structures in the original ABL petroleum.
C. Methylation of Acidic Functions in Petroleum
The ABL sample was also methylated according to the method of
Rose.(20) This methylation is done under basic conditions and
therefore only acidic functions are methylated. The methylated ABL
products using 13C-enriched methyl iodide in CDCI3 and CD3CN are
shown in Figures 19 and 20, respectively.
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Figure 1 9. 13C NMR spectrum of the 0-methylated ABL crude using
























































































Figure 20. 13C NMR spectrum of the 0-methylated ABL crude using






























































































































Several intense peaks not present in the original crude are
apparent at 14, 19, 24, and 59 ppm. The peaks at 14 and 19 ppm
probably can be attributed methyl thioethers, formed from thiols.
The peak at 24 ppm might be due to methylation of an acidic carbon
compound in the petroleum.(31) Finally the peak at 59 ppm is
probably due to a methylether from a phenolic structure. Also note
that the five most intense peaks from the original crude are
observed in this spectrum. It is also clear from these spectra that
methylation of thiophenes and sulfides does not occur since no new
peaks are observed in the region of 21-36 ppm (with exception of
the single peak at 24 ppm).
CHAPTER V
CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK
We have demonstrated that the sulfur compounds in petroleum can
be methylated to form sulfonium salts. If the methyl group is
isotopically enriched, then the methyl signals of these salts can be
observed in the 13C NMR spectrum of the methylated product. The
majority of the sulfur compounds in the Arabian Light Crude oil
appear to be thiophenic, and two types of thiophenic compounds have
been identified.
At this stage of the research, we do not obtain the method to be
quantitative for analysis of sulfur forms in fossil fuels. First, the
yields of model sulfonium salts in some case was not very good. A
possible reason is that the use of Ag+ causes complexation of the
sulfur compound, thereby reducing yield. A possible solution is to
add the model sulfur compound or petroleum to a solution of the
AgBF4 and CH3I. In our reactions, the CH3I was added last.
For better results, our suggestions are following:
A. Me3O+BF4- can be used as a methylating agent.
55
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B. Systematically vary the amount of AgBF4 and look at the spectra.
If Ag+-complexation were a problem, then a difference in the
spectrum would be observed.
C. Not all of the S-methylated product dissolved Perhaps were not
obsering all the sulfur fractions.
D. Apply the technique to a wide of petroleums with varying sulfur
contents. Samples should be chosen that have been well-
characterized by other techniques so that comparisons can be
made.
E. More model compounds work needs to be conducted, particularly
in the area of condensed thiophenes.
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H - 1 (4),3.28 m
H - 2 (4), 1.82 m
H - 3 (4), 1.55 m
H - 4 (6), 1.03 t
H - 5(3), 2.87 s
13C NMR
C - 1 (2),41.8
C - 2 (2), 26.4
C - 3 (2), 22.2
C - 4 (2), 13.6
C - 5 (1), 22.7













































































































































































































































































































H - 1 (4), 4.5 d, 4.7 d
ArH (10), 7.5 m
H- 2(3), 2.65 s
13C NMR
C - 1 (2), 46.5
ArC (1), 21.7




























































































































































































































































H - 1 (4), 3.17 m, 3.50 m
H - 2 (4), 1.95 m, 2.20 m
H - 3 (2), 1.78 m
H - 4 (3), 2.88 s
13C NMR
C - 1 (2), 37.9
C - 2 (2), 23.1
C - 3 (1), 21.0
C - 4 (1), 22.2




















































































































































































































































































































H - 1 (2), 4.78 d, 4.96 d
ArH (10), 7.5 m
H - 2 (3),3.26 s
13C NMR
C - 1 (1),51.8
ArC (12), 123.4, 128.3, 130.3, 131.1, 131.5, 131.6,131.8, 135.8
















































































































































































































































































H - 1 (4), 3.35 m, 3.58 m
H - 2 (4), 2.38 m
H - 3 (3), 2.78 s
13C NMR
C - 1 (2), 45.6
C - 2 (2), 28.9
C - 3 (1), 25.9































































































































































































































































































































































H - 1 (2), 3.62 m
H - 2 (3), 1.33 t
ArH (5), 7.78 m
H - 3 (3), 3.28 s
13C NMR
C - 1 (1),41.7
C - 2 (1), 9.5
ArC (6), 123.9, 131.5, 132.0, 135.7







































































































































































































































































































































































































































































ArH (5), 7.8 m
H - 1(6), 3.28 s
13C NMR
ArC (6), 126.3, 130.7, 131.9, 135.4

































































































































































































































































H - 1 (2), 7.66 m,
H - 2 (2), 7.66 m
H - 3 (3), 3.27 s
13C NMR
C - 1(2), 142.8
C - 2 (2), 130.3






















































































































































H-1 through H-6, 7.45 d, 7.85 t, 7.93 t, 8.02 d, 8.09 d, 8.32 d
H - 7 (3), 3.32 s
98
13C NMR
C - 1 through C-8 124.9, 127.9, 128.6, 131.7, 133.9, 134.6, 142.3,
143.1



























































































































































































































































ArH (8), 8.20 m,
H - 1 (3), 3.42 s
13C NMR
ArC (12), 125.2, 128.6, 131.6, 132.1, 135.0, 140.3.





























































































































































































































































































































ArC (16), 121.3, 124.0, 125.8, 127.4, 128.8, 129.3, 129.7,
130.9, 131.3, 132.2, 132.3, 135.0, 135.2, 136.4, 140.3, 141.0
C - 1 (1),34.2
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